This work illustrates the manufacturing and tensile testing of a novel concept of honeycomb structures with hexagonal and auxetic (negative Poisson's ratio) topology, made of shape memory alloy core material. The honeycombs are manufactured using Nitinol ribbons having 6.40 mm of width and 0.2 mm of thickness. The ribbons were inserted in a special dye using cyanoacrilate to bond the longitudinal strips of the unit cells. Tensile tests at room temperature (full martensite) were performed on the honeycombs. Finite element models of the honeycomb assemblies under tensile loading have been developed using nonlinear beam elements from a commercial code. Good agreement is observed between numerical nonlinear simulations and the experimental results.
INTRODUCTION
C ELLULAR structures can be defined as solids composed by interconnected network of struts or plates that form the edges and faces of a cell. Foams, microporous polymers, and honeycombs are typical examples of these materials. A comprehensive literature review and treatise on the subject can be found in Gibson and Ashby (1997) . Cellular structures find widespread use in sandwich constructions. The structural advantages of sandwich constructions versus classical airframe (single-material) structures rely essentially upon the deformation mechanism of the core material, which leads to an increase of the flexural stiffness of the sandwich component by incrementing the distance between the face skins, and contributes to the shear deformation of the whole structure (Allen, 1969 ). Sandwich structures have been used in aerospace frames since World War II, and notably for the first recorded time on the airframe of the De Havilland Mosquito (Allen, 1969) . Honeycomb materials, in particular, have been employed since the second half of the 20th century because of their mass production layout and possibility to use metals or other materials as core phase. To date, significant parts of airframe constructions and spacecraft components, including satellite deployable antennas, have been built and continue to be manufactured (Renji et al., 1996) . A special subset of cellular solids is represented by negative Poisson's ratio (auxetic) materials. Since 1987, when isotropic auxetic foam was manufactured for the first time (Lakes, 1987) , negative Poisson's ratio materials have created some interest for potential applications in structural integrity compliant structures, sandwich components, and smart structural devices (Alderson et al., 1997; Scarpa et al., 2004; Bullough and Scarpa, 2005) . By definition, an auxetic (or negative Poisson's ratio) material expands in all directions when pulled in only one, therefore giving a deformation kinematics opposite to the one of 'conventional' materials. This behavior does not contradict the classical theory of elasticity: a homogeneous isotropic thermodynamically correct 3D solid has a potential Poisson's ratio range between À1.0 and 0.5, while anisotropic solids can also have larger values in magnitude (Evans, 1991) . A negative Poisson's ratio coefficient for a material could lead to increase in indentation resistance (Lakes and Elms, 1993) , enhanced bending stiffness in structural elements and shear resistance (Lakes, 1993; Scarpa and Tomlin, 2000) , optimal passive tuning of structural vibration (Ruzzene and Scarpa, 2003) , and enhanced dielectric properties for microwave absorbers (Smith and Scarpa, 2000) .
Since the appearance of smart materials and technologies in engineering applications over the second half of the 20th century, the use of small, structurally simple, and multifunctional components in design processes involving synergy and multiphysics aspects has become widespread engineering practice. Smart materials are referred to a range of solids, gels, and fluids whose properties or characteristics can be altered or controlled by modifying their operational environment (Janocha, 1999) . Among the wide range of smart materials available, shape memory alloys (SMA) are perhaps the most successful material systems in terms of development and applications. The term 'shape memory alloy' is applied to a metallic material that demonstrates the ability to return to some previously defined shape or size when subjected to appropriate thermal procedure. When an SMA operates below its transformation temperature, it possesses very low yield strength and can be deformed quite easily into any new shape. However, when the material undergoes a change in crystal structure it could return to its original shape when heated above its transformation temperature. If the SMA encounters any resistance during this transformation, it can generate extremely large forces. This phenomenon provides a unique mechanism for remote actuation. Of the materials that exhibit the shape memory effect, the most popular and commercially available are nickel-titanium (or Nitinol)-based alloys.
This work describes the manufacturing and in-plane testing of a hexagonal and auxetic honeycomb structure made of SMA Nitinol ribbons. The ribbons employed in this work have been manufactured using a melt-spun technique (Yong, 2003) . There are several potential advantages for having a SMA-based core in a sandwich structure. A cellular structure made of SMA, and which uses a core filler in a sandwich construction, could provide enhanced damping capabilities compared to the very reduced amount of energy dissipation during bending and shear deformation that conventional metal and Nomex honeycomb offer. Also, a cellular structure made of SMA material could provide deployability capabilities that could be used in space structure and high-end structural applications (EPSRC, 2005) . The shape-restoring capabilities are also a feature that could be successfully employed in structural energy absorption applications. Currently, honeycomb structures are used in packaging, railway, and aerospace industry in crashworthiness applications because of their energy absorption capabilities at different strain rate loading (Gibson and Ashby, 1997) . However, a crushed and densified honeycomb does not retain its structural function. It is conceivable to design a cellular core with shape memory capabilities that, once heavily loaded, tends to return or oppose the external force and maintain its structural integrity capabilities to a certain extent. An initial work on incorporating SMA capabilities in a hexagonal cellular structure has been presented by the authors (Hassan et al., 2004 ). An hexagonal honeycomb assembly has also been manufactured using Nitinol ribbons connected by welded Niobium rods and tested under different temperature ranges (Shaw et al., 2007) . A SMA honeycomb with a chiral (non-cetersymmetric) topology has been also recently manufactured and tested, featuring a negative Poisson's ratio of À1 stable over large mechanical strains and temperatures from martensite to austenite phases (Hassan et al., 2008a,b) . The work described in this article is related to a normal convex hexagonal and auxetic honeycomb configuration modeled and tested under strain-hardening and superelastic SMA behavior. In this respect, this work features two novel aspects. The first is related to the comparative manufacturing and testing of a positive and negative Poisson's ratio honeycomb configuration made out of Ni46Ti48Cu6 ribbon, while the second is concerned with the analysis of the mechanical behavior of the honeycomb samples. In this article, no attempt is made to analyze the impact that 1-way or 2-ways SMA behavior of the core would have on the overall mechanical properties of the SMA honeycombs, nor has an assessment of deployability characteristics been made. The reasons for this choice are two-fold. Before analyzing any shape-changing property of the cellular structure, it is necessary to assess the linear and nonlinear mechanical properties of the honeycomb structure as a pure 'passive' core material for classical sandwich applications. This is even more important for novel sandwich panel constructions recently proposed, where structural integrity and high damping characteristics under random white noise vibration loading are required (Remillat et al., 2006) . Moreover, the specific manufacturing route used to produce the honeycomb samples in this article is not optimized for samples with reversible deployability characteristics, but provides honeycomb structures that can be implemented in sandwich constructions for 'classical' applications only. Two-way SMA behavior of these novel cellular structures could be achieved either using a novel manufacturing technique patented recently (Shaw et al., 2007) , or implementing a different manufacturing layout using thermosetting plastics inserts within the structure (Hassan, 2005) .
The initial design of the honeycomb configurations has been performed using the theoretical framework of the cellular material theory (CMT) (Gibson and Ashby, 1997) to evaluate the elastic stiffness of the cellular solids under uniaxial tensile loading. Linear elastic finite element (FE) models representing the whole honeycombs under the tensile loading conditions have been developed using a commercial FE code to validate the theoretical findings. The models have also been scaled down to consider the effective dimensions of the manufactured samples, and the effect of the boundary conditions of the specimens over the Young's modulus of the solids. The honeycomb samples have been tested at room temperature, corresponding to a temperature below the martensite finish of the Nitinol alloy used as core material. The results of the experimental tests have been compared to nonlinear implicit FE models of the cellular structures. Each single rib has been modeled with beam elements with core materials derived directly from experimental tests carried out on single Nitinol ribbons. The comparison between the numerical and experimental results showed a good convergence, and highlighted the specific deformation mechanisms of the conventional and auxetic honeycomb structures.
The article is organized as follows: the first part describes the analytical and numerical models used to predict the linear elastic properties and first yielding point of the honeycombs with core in full martensite phase. The second part describes the manufacturing of the SMA honeycombs and the tensile tests performed on the single Nitinol ribbons and the conventional overexpanded and re-entrant honeycomb. The last part illustrates the results and discusses them in the light of the analytical and numerical models used in this work.
THEORETICAL AND NUMERICAL MODELS
The CMT Approach
In their seminal work, Gibson and Ashby (1997) identified the bending deformation and axial stiffness of the unit cell centersymmetric honeycomb rib as responsible for the elastic stiffness and nonlinear properties of regular hexagonal cellular structures. By centersymmetric honeycomb, one defines a unit cell cellular structure with two axes of symmetry, with the overall honeycomb obtained translating the unit cell along the two directions defined by the axes itself, and providing a homogenized solid with special orthotropic mechanical properties. Centersymmetric structures are not the only ones possible in honeycomb constructions; rotationally symmetric (non-centersymmetric), like chiral ones, have also been proposed and analyzed more recently (Wojciechowski and Branka, 1989; Prall and Lakes, 1996; Spadoni et al., 2005; Spadoni et al., 2006) . The calculation of the linear and nonlinear mechanical characteristics using the single-beam element is known in literature as the CMT. The CMT approach is general, and also allows study of re-entrant (internal negative cell angle) configurations that present auxetic behavior. Figure 1 shows a general hexagonal centersymmetric honeycomb structure having cell walls l and h, with uniform thickness t, and internal cell angle . The internal cell angle in Figure 1 is negative, leading to a reentrant structure with negative Poisson's ratio behavior. If the angle is positive, the overall unit cell would be convex, leading therefore to a hexagonal (classical) honeycomb configuration. The linear and nonlinear properties of the honeycomb can be estimated knowing the core material mechanical characteristics (Young's modulus E c and yield stress c ), and the nondimensional geometric parameters (h/l), (t/l) and the internal cell angle from the following equations:
The in-plane Poisson's ratio yx (i.e., obtained from the ratio of the strain along the y direction vs. the pulling strain along the x direction) is equal to :
Equation (1) prescribed the Young's modulus when the honeycomb is loaded along the x direction, considering the axial stiffness of the ribs too, while Equation (2) provides the plastic collapse stress of the cellular solids for the same type of loading conditions. When loading along the y direction, a similar set of results is obtained for the Young's modulus E Y and the related yield stress. Equation (3) is valid only for honeycombs with slender ribs, with no shear deformation contribution (Timoshenko beam) to the deformation of the cell walls. From Equation (3), it is evident that the dependence of the Poisson's ratio versus the unit cell geometric parameters is significant. While a re-entrant configuration is sufficient to achieve a negative Poisson's ratio value, the magnitude is affected by the cell wall aspect ratio , with the highest values corresponding to small internal cell angles due to the effect of the rib axial stiffness . The possible use of Equation (2) on the initial design and sizing of cellular structures made out of SMA materials relies on the assumption that, at initial stage design, one can consider valid a piecewise linear stress-strain relation (strain hardening) (Brinson, 1993) , where the martensite start stress can be considered the analogous of the yield stress of the core material, producing an equivalent plastic hinge at the connection of the honeycomb ribs ( Gibson and Ashby, 1997) . The formulas above are valid for an infinite cellular solid or a honeycomb sample made out of a large number of unit cells along the two principal directions.
Uniaxial Elastic Tensile Loading FE Models
The CMT formulas have been benchmarked against FE models developed using the commercial code ANSYS 7.1 (ANSYS 7.1 Users' Manual, 2003) . The models allowed representation of the Young's modulus along the uniaxial loading direction . In order to simulate the pure monoaxial tensile test for an equivalent large honeycomb sample, the models were developed using 2340 BEAM3 beam elements with two nodes and three degrees of freedom per node (translations along x and y directions and inplane rotation). The elements had Hermite interpolation functions with shear correction factor capabilities (Timoshenko model). The honeycomb models were loaded with a uniform displacement along the loading direction on one end, and constrained in the normal direction on the opposite end. The constrained nodes (both clamped and loaded) were refrained from in-plane rotations for local stiffening (Silva et al., 1995) . This combination of boundary conditions corresponds to a guided roller model. The equivalent uniaxial stress was computed averaging the reaction force of the sample over the length of the loaded side. The homogenized Young's modulus was therefore calculated as the ratio between the equivalent stress and the strain applied on the honeycomb model.
To take into account the effect on the mechanical properties of smaller honeycomb samples or clamped conditions that could occur during test environment, models with fully clamped conditions at one end and reduced cell numbers have also been prepared.
Uniaxial Nonlinear Tensile Loading FE Models
The behavior of the SMA ribbon in full martensite behavior has been modeled using BEAM23 elements within the ANSYS code. The elements consist of three DOFs two-node beam elements with full nonlinear material and geometric capability. The material properties have been entered as tabled data under the TB, MELAS option, from the experimental stress-strain curve obtained on a single ribbon under uniaxial tensile test at 208C. A single FE beam model representing the ribbon under uniaxial tensile loading has been initially validated with the experimental results. This operation was necessary to assess the feasibility of the beam elements to correctly represent the single ribs of the honeycomb structures. The uniaxial tensile simulations have been carried out applying a concentrated tensile force on a 10-element FE model of the ribbon with fully clamped conditions at one end. The load has been applied in 100 substeps, and the solution achieved using a Newton-Raphson algorithm with line-search method and constant stepping. At the end of each loading condition, the resultant deformation of the ribbon was calculated and the engineering strain obtained.
A similar approach has been taken to simulate the uniaxial tensile loading of the SMA honeycomb samples. The models have been prepared using the benchmarked beam elements that represent the single ribs of the cellular structures. Each model consisted of an average of 570 elements, with 10 elements per rib. Particular attention has been paid to representing the effective boundary conditions of the honeycombs -fully clamped on one side, with nearby areas constrained on out-of-plane rotations and vertical displacements only. The nonlinear simulation was carried out using solution options similar to those used to validate the singleribbon model, only with the substeps reduced to 50 to decrease the CPU time required. This reduction in stepping did not lead to a significant decrease in accuracy. The calculation of the equivalent stressstrain curves was similar to the one performed for the single-ribbon model. Equal nodal forces were applied to one edge of the honeycomb sample. The sum of the applied forces was averaged over the length of the loading segment to obtain the equivalent tensile stress. After solution of the related nonlinear static problem, the average displacement of the loaded segment was computed and the equivalent strain calculated. The simulations were carried up to tensile strains of 10%.
MANUFACTURING AND TESTING OF SMA HONEYCOMBS

Construction of Honeycomb Samples
The SMA core material consisted of a ribbon manufactured by @ Medical Technologies n.v (product code: SME_NTC01_OX_0.20 Â 6.40 mm 2 ). Chemical composition of the SMA was 48% Ni, 46% Ti, and 6% Cu. The transformation temperature of the ribbon was determined by differential scanning calorimeter (DSC) and given as data specification for the material batch. Table 1 illustrates the mechanical and thermal characteristics of the material used. At room temperature, the material behaves in full martensite structure. The mechanical properties for the full austenite phase have been determined in Hassan et al. (2004) .
A regular hexagonal honeycomb made of 6 Â 4 cells had been initially fabricated. The single honeycomb unit cells have been manufactured joining two faces of a ribbon using different steps. Initially, each ribbon (6.4 mm width and 0.189 mm thickness) was shaped into half a honeycomb cell using two pieces of metal mold. An aspect ratio of 1 has been used for the manufacturing, to represent a conventional regular overexpanded (OX) honeycomb (Allen, 1969 ). Subsequently, a cold joining process has been applied to maintain the temperature of the ribbon below the transformation one, which is 688C. During this phase, a special cyanoacrylate adhesive designed to work up to 2008C has been used to join two faces of the SMA ribbon. The joining process was then performed layerby-layer until six honeycomb cells were obtained, using a total of twelve SMA ribbons. The complete structure of the SMA honeycomb is shown in Figure 2 . The average cell angle obtained from this process was 428. A similar process was adopted to manufacture the auxetic (re-entrant) honeycomb configuration (Figure 3) . A 4 Â 4 cell configuration with aspect ratio ¼ 2 and average cell angle of À158 has been built, folding ribbons around custom metal mold. Compared to the one used for the convex hexagonal overexpanded honeycomb, the doubled wall aspect ratio was chosen to allow an easier manufacturing of the re-entrant auxetic configuration.
Tensile Testing
The first test performed consisted of the uniaxial loading of the SMA ribbon alone, completed at room temperature (full martensite). The single ribbon experiments were carried out using a Testometric M350-5KN tensile machine with environmental chamber.
The tests on the honeycomb samples were conducted on an INSTRON 5567 universal testing machine with 15 kN load cell at room temperature. A special frame in cast epoxy resin has been applied at the top and bottom of the honeycomb samples to fix the cellular solids to the clamps. It was observed that with the use of the epoxy resin frame the vertical and horizontal displacements of the constrained sides of the honeycombs were virtually zero when loading along the vertical (Y) direction. The attachment of the honeycomb-epoxy frame combination to the tensile machine grips has been assured using a special steel extension rod. The feed rate for the tensile testing of the honeycomb samples was 25 mm/min. Figure 4 shows the stress-strain curve for the SMA ribbon under tensile loading in martensite phase with a pre-load of 100 N. The curve illustrated is typical of analogous Nitinol alloy components tested at constant temperature (258C). During the initial loading stage, the specimen exhibited the linear elastic behavior of the SMA until the first yield point at 170 MPa and 0.8% of strain, after which the stress was nearly constant at increasing strain loading. After the plastic deformation plateau, the specimen reached the elastic region again.
RESULTS AND DISCUSSION
Continuing the application of the load, one would obtain a stress-strain path tending towards the second yield point (890 MPa), which is the true plastic deformation of the martensite structure SMA ribbon at 20% of tensile strain. Figure 5 shows an analogous test on the same type of SMA ribbon carried out in full martensite (258C) and a pre-load of 10 N. From the results shown, it is possible to clearly identify an elastic region up to 0.5%, with subsequent plastic and nonlinear deformation up to 8%. Figure 6 shows comparison between the single-ribbon nonlinear FE model and the experimental results up to 8% of tensile strain. The FE model represents with significant accuracy the uniaxial tensile loading behavior of the full martensite ribbon component, in particular the linear elastic behavior, the first yielding point, the transition towards the plateau stress, and the second elastic branch. The linear elastic part can be also predicted using Equation (1) for the initial design stage. However, care should be taken when handling the equation when the effective size of the samples and different boundary conditions from the theoretical ones (guided roller in uniaxial loading) are considered. Table 2 shows a comparison between Equation (1) and the linear elastic FE models representing the theoretical boundary conditions, reduced size, and clamped ends. A further comparison between the nonlinear FE and the experimental results is also shown. As one can observe, there is a significant agreement between the CMT approach and the FE linear elastic results, also when reduced size samples are considered, with a maximum percentage error of 3.2%. A major effect is given by the presence of fully clamped conditions (translations and in-plane rotations) at one end of the sample. In this case, the linear FE elastic analysis would provide a 9.2 times overestimate compared to the CMT approach. This is in good agreement with the experimental results and the nonlinear FE analysis, for which a comparison is shown in Figure 7 . The nonlinear FE model predicts a higher initial elastic slope (394 kPa against 332 kPa). However, the discrepancy could be explained not only by the approximations introduced by the numerical boundary conditions imposed, but also by initial slack during the tensile loading given by the specific combination of connecting rod-epoxy frame used for the test rig. The FE nonlinear simulation follows up the experimental results with good accuracy up to a tensile strain of 5%, after which the numerical simulation tends to underestimate the tensile loading behavior of the honeycomb, with a percentage error of 18% at 6.2% of strain. It is worth noticing, however, that the numerical model describes well the increase in tensile stress versus strain for regular hexagonal honeycomb configurations. This phenomenon can be explained by a virtual density increase that occurs in convex cellular solids under tensile loading (Gibson and Ashby, 1997) . Figure 8 shows the deformation field of the FE nonlinear model corresponding to a tensile strain of 8%. It can be noticed that the honeycomb undergoes a significant deformation, with the cells ribs away from the edges tending to align towards the loading direction and leading to a strong contraction of the cells (positive Poisson's ratio) which causes a virtual densification under tensile loading. The opposite happens for a re-entrant honeycomb configuration. Figure 9 shows the comparison between the experimental and nonlinear FE model of the auxetic SMA cellular solid. The stress-strain curve presents strain hardening-type behavior, which is consistent with an equivalent increase in density during tensile loading. Figure 10 provides a qualitative explanation of this characteristic, showing the displacement field of a 6Â4 Figure 10 . FE model of auxetic honeycomb at 10% tensile strain. auxetic honeycomb with the same geometric cell characteristics of the one used during the experimental tests at 10% strain-loading conditions. During the deformation, the cells expand because of the negative Poisson's ratio effect, providing a virtual increase in the overall crosssection of the sample during tensile loading, and therefore leading to the decrease of density of the cellular material. At the maximum level of tensile loading imposed, the auxetic honeycomb tends to assume the shape of a rectangular cell grid work. According to Gibson and Ashby (1997) and , the Poisson's ratio xy within the linear elastic range for the conventional honeycomb configuration is equal to 0.35, while the re-entrant configuration provides a Poisson's ratio value of À2.1. The behavior of the Poisson's ratio for the full nonlinear behavior of the martensite phase has not been analyzed. However, according to Wan et al., (2004) , the Poisson's ratio for the auxetic phase would decrease progressively towards zero, and possibly assume positive values for large tensile strains (above 25%). It has to be noticed how the auxetic honeycomb already approached the rectangular grid topology at 10% tensile strain values, which corresponds to pure axial deformation behavior of the ribs and zero xy Poisson's ratio (Gibson and Ashby, 1997) . Also, the reduced size of the samples would amplify Saint-Venant effects from the boundaries, and not represent correctly the 'infinite honeycomb' conditions that are used to determine the Poisson's ratio effects on cellular solids (Silva et al., 1995; According to the CMT approach, Equation (2) should provide an indication of the first yielding point in the full martensite phase of the honeycomb loading. The yielding stress values have been identified corresponding to a 4% of tensile strain. Assuming a first yield point of 140 MPa for the single ribbon only, the conventional hexagonal overexpanded configuration would provide a yield stress of 22 kPa, while the auxetic topology would present a yield value of 55 kPa. The experimental results provide more conservative results, with values of 16 and 44 kPa for the conventional and auxetic configurations, respectively. However, the FE simulations provide closer results to the analytical ones, with 19 and 48 kPa, leading to percentage errors around 13% versus the theoretical results for the overexpanded and negative Poisson's ratio configuration, respectively.
CONCLUSIONS
In this article, we have presented the tensile properties of a novel class of honeycomb structure made of SMA core. The cellular solids have been tested with the core material being in full martensite phase. Linear and nonlinear FE models have been developed to simulate the strain hardening-type behavior of the honeycomb ribbon and the full tensile loading simulation on the cellular solids. The use of the equations from the CMT to identify the linear elastic part and the first yielding stress point of the honeycombs in full martensite phase has been discussed and validated with the numerical and experimental results. The conventional and negative Poisson's ratio SMA honeycombs exhibited equivalent density variations according to their topological layout during the tensile loading.
